The di-rm -butyl p eroxide-initiated reactio ns of triethyl-and tri-n-propylsilane with bis-(vinyldim ethylsilyl) com pounds, C H 2= C H (C H 3)2SiX Si ( Although it is much less extensively practised than transition metal-catalyzed hydrosilylation, radicalinitiated hydrosilylation, under the right con-0 9 3 2 -0 7 7 6 /9 4 /1 2 0 0 -1 8 1 8 $ 06.00 © 1994 V e rlag d e r Z e itsc h rift fü r N a tu rfo rs c h u n g . A ll rig h ts re serv e d .
Introduction
Since the beginning of the 1980s the use o f rad icals in organic synthesis has increased dramati cally. In particular, carbacycle formation by means of organotin radical intermediates has played an important role in natural product synthesis [1, 2] . This m ethodology has most often been applied to the synthesis of five-membered rings since such cyclizations are generally known to be more rapid and more regioselective than six-membered ring formation [3] . However, the formation of sixmembered rings using such radical procedures also is possible [1] .
The organic radical intermediate in such syn theses usually is generated in two ways: (1) ab straction of an appropriate group, e.g., the halogen atom of a carbon-halogen bond, by an organotin radical, or by the addition of an organotin radical to a C=C or C = C bond. In a subsequent step the organic radical thus generated adds to another C=C or C = C bond within the molecule to form a cyclic radical intermediate which then abstracts a hydrogen atom from the organotin hydride to give the final product. Tandem cyclizations, in which bicyclic systems are formed, also are known [1, 4].
* R eprint requests to Prof. D r. D. Seyferth. Recent research has focused on the use of organosilicon hydrides (rather than organotin hy drides) in such radical cyclizations. Thus it was found that tris(trimethylsilyl)silane, a source of the (M e3Si)3Si-radical, is an effective substitute for tri-«-butyltin hydride in radical cyclization reac tions [5] .
A nother application of radical cyclization reac tions is in the cyclopolymerization of a, co-dienes. Many examples of this polymerization process, which was pioneered by G. B. Butler and his co workers, have been reported [6] . Cyclopolymer ization of silicon-containing a, a»-unsaturated com pounds, mostly diallyl-and dipropargylsilanes, has been studied over the years [7] . More recently, we have studied the radical-initiated cyclopoly merization of bis(vinyldimethylsilyl) compounds,
CH2=C H (C H 3)2SiXSi(CH3)2CH=CH2 (X = O, N H , N C H 3, CH2) as well as CH2=C H (C H 3)2SiSi(CH3)2CH=CH2 [8],
Free radical reactions are not only useful for cyclization reactions in which carbon-carbon bonds are formed. They also serve in the forma tion of carbon-heteroatom bonds. An important example of such a reaction is the free radical-initiated hydrosilylation of olefins and acetylenes [9] . Although it is much less extensively practised than transition metal-catalyzed hydrosilylation, radicalinitiated hydrosilylation, under the right con-ditions, can be useful in the synthesis of organosilicon compounds.
Having studied the addition of catalytic quanti ties of radical reagents to bis(vinyldimethylsilyl) compounds, which resulted in cyclopolymerization of these monomers, we were interested in the ad dition of stoichiometric quantities of radical re agents to these monomers, a reaction that should result in the formation monom olecular organosilicon heterocycles. To effect such syntheses we chose to investigate the free radical-initiated hydrosilylation-cyclization o f bis(vinyldimethylsilyl) compounds, specifically, the di-terr-butyl per oxide-initiated addition of stoichiometric quanti ties of triethyl-and tri-«-propylsilane to CH2= C H (C H 3)2SiXSi(CH3)2C H =C H 2 (X = O, CH2, NH , NC H 3, N SiM e3).
Alkenylsilyl radical cyclizations were studied som e ten years ago by Chatgilialoglu, Woynar, In gold and D avies [10] and Barton and Revis [11] with the intention of determining if the BaldwinBeckwith rules for radical cyclizations [12] could be applied to organosilicon systems (Scheme 1).
Schem e 1.
Silyl radicals derived from hydrogen atom abstrac tion from a butenylsilane, an allyldisilane, a pentenylsilane and a butenyldisilane all were found to cyclize in the endo manner (in contrast to anal ogous carbon-centered radicals). The reasons for this are uncertain, but explanations in terms of the longer C -S i bonds (vs C -C bonds) and the pyr amidal configuration of silyl radicals (vs the plan arity of carbon radicals) were discussed [10, 11] . Preparatively oriented radical cyclizations, e.g., those depicted in eq. ( 1 -3 ) were reported by Kraus and Liras [13] , and further examples using (M e3Si)3SiH rather than E t3SiH in similar reac tions were described by Miura, Oshima and Utimoto [14] .
Results and Discussion
The hydrosilylation-cyclization of the bis(vinyldimethylsilyl) compounds 
EtoSi CH2=CH (CH 3)2SiXSi(CH 3)2CH =CH 2 (X = O, CH2, NH, NCH 3, NSiM e3) was effected using ditert-butyl peroxide-initiated addition of Et3SiH and «-Pr3SiH under conditions similar to those used by El-Durini and Jackson [15] for the radical addition of trialkylsilanes to monoolefins. These authors found other radical initiators, such as azobisisobutyronitrile and dibenzoyl peroxide, to be less effective than di-terf-butyl peroxide. In our re actions one molar equivalent of the CH2= CH(CH3)2SiXSi(CH3)2CH=CH2 compound, mixed with 0.2 molar equivalents of the peroxide, was added slowly, over a period of one to several days, to 20 molar equivalents of refluxing triethylsilane under an argon atmosphere (12 molar equivalents in the case of tri-/?-propylsilane). U se of an only modest excess of the trialkylsilane (6 molar equiv.) resulted in low cyclization product yields (<25% ) and the starting diene mainly poly merized, leaving no unconverted diene. The ex pected chemistry is shown in Scheme 2 for the 1,3-divinyldisilazanes.
:si^ ^si; N The products of these reactions, obtained in moderate to high yield, had the expected elemen- 
24.3 14.0 13.1 13.6 N SiM e3 1.1 (en d o ), 1.7 (exo) 0.4 (exo), 15.3 (endo) tal com positions (via C ,H analysis) for the postu lated cyclic compounds, but GC/MS investigations demonstrated that more than one isomer was ob tained in each case. While the 'H NM R spectra of the products were uninformative other than to show the absence of residual C=C bonds, the 13C and 29Si NM R spectra were very useful in the identification of the isomers present. By compar ing the 29Si NM R spectra of the products 1 -8 (Table I) with each other and with those of appro priate model compounds (Table II) , it was estab lished that in all products except for 8 a mixture of one six-membered and two five-membered ring isomers was present. The cyclic disilazane 8 con tained only five-membered ring isomers. The sixmembered ring isomer predominated in the product mixtures derived from the 1,3-divinyldisiloxane and the bis(vinyldimethylsilyl)methane. On the other hand, the five-m embered ring iso mers were the major com ponents in the product mixtures derived from the 1,3-divinyldisilazanes (Table III) .
By means of preparative GC it was possible in some cases to obtain samples enriched in the fiveor six-membered ring isomer, but complete sepa ration could not be effected with the available gas chromatograph. However, 13C A D E PT sequences enabled the assignment of nearly all 13C NM R res- Table III. reactions. onances of the product mixtures. For the fivemembered ring product, cis and trans isomers are possible and in all cases both were formed. This was confirmed by the 13C NM R spectra: two sig nals were observed for each 13C resonance as signed to five-membered rings except for those due to the peripheral carbon atoms of the trialkylsilyl substituent. Two sets of signals also could be observed in most cases for each five-membered ring silicon atom resonance. The cis and trans iso mers were not formed in equal amounts, the ratio being approximately 1.5:1 to 2:1, depending on the diene. It was not possible to determine which signals were due to which geometrical isomer. Mass spectroscopic data, obtained by GC/MS measurements, are given in Table IV In the mass spectra of the six-membered ring products this was not the case. The [Me2SiXSiM e2H ]+ peak is of high relative inten sity in the mass spectra of all six-membered ring compounds and for l a , 3 a , 5 a , 6 a and 7 a it is the base peak.
P roducts of the hydrosilylation-cyclization
In the n-Pr3SiH/CH2=C H (C H 3)2SiO Si(C H 3)2CH=CH2 and the n-Pr3SiH/CH 2=C H (C H 3)2SiN (C H 3)Si(C H 3)2CH= CH2 reactions, additional isomeric products were present in low yield: two in the case of the former, one in the case of the latter. A n unambiguous as signment of structure was, however, not possible. Examination of Schem e 2 shows that less likely addition of the R 3Si • radical to the a-carbon atom of the vinyl group would lead to formation of two six-membered ring isomers (cis and trans) (ad dition of the intermediate radical to the a-carbon Table IV . M ass spectra o f the hydrosilylation-cyclization products. In the case of the 1,3 divinyldisilazanes the ratio of five-to six-membered ring products increased dramatically, with no six-membered ring product being formed with the N-trimethylsilyl-substituted disilazane (8) . Sixmembered ring formation was more highly fa vored with tri-n-propylsilane (vs Et3SiH), very likely because of the higher reaction temperature of refluxing «-Pr3SiH, which should favor the thermodynamically controlled products.
Experimental Section
General comments NMR spectra were measured using a Varian XL-300 NM R spectrometer using CDC13 as sol vent and Me4Si as standard. For measurement of the 29Si NM R spectra M e4Si was used as external standard. Cr(acac)3 was used as relaxation agent; this allowed quantitative information to be ob tained. Gas chromatography (GC) was performed using an HP 5890 A gas chromatograph (10% SE-30 silicone gum on Chromosorb; thermal conduc tivity detector). GC/MS measurements were car ried out on an HP 5890 GC (HP-1 silicone gum capillary column) with an HP 5971 MS detector. Triethyl-and tri-n-propylsilane and di-tert-butyl peroxide were purchased from Aldrich Chemical Co.; 1,3-divinyltetramethyldisiloxane, 1,3-divinyltetramethyldisilazane and 2,2,5,5-tetramethyl-2,5-disila-l-azacyclopentane from Hüls America, Inc. Literature procedures were used in the prep aration of bis(vinyldimethylsilyl)methane [16] , 1,1,2,3,3-pentamethyldisilazane [17] , and bis(vinyldimethylsilyl)(trimethylsilyl)amine [18] , The physical and spectroscopic properties of these compounds were in agreement with literature data. 
Hydrosilylation-cyclization reactions
Three such reactions are described. Experim en tal details for the other reactions carried out are given in Table I .
Reaction o f tri-n-propylsilane with 1,3-divinyltetramethyldisiloxane A 200 ml round-bottomed, three-necked flask equipped with a magnetic stirbar, a pressure-equalizing addition funnel, a reflux condenser topped with a vacuum line adapter and a glass stopper was flame-dried under vacuum and backfilled with argon. The apparatus was evacuated and back filled with argon two more times. The glass stopper was replaced with a rubber septum under an argon flow and 37 g (240 mmol) of tri-n-propylsilane (distilled from LiA lH 4) was cannulated into the flask. The addition funnel was charged with a mix ture of 3.87 g (20.8 mmol) of the disiloxane and 0.63 g (4.2 mmol) of di-terr-butyl peroxide. The glass stopper was replaced, the tri-n-propylsilane was heated to a gentle reflux (171 °C) and the disiloxane-peroxide mixture was added very slowly, a drop at a time, over the period of one day. Upon completion of the addition, the reaction mixture was refluxed for 6 h. Unreacted tri-n-propylsilane then was distilled from the reaction mixture. The liquid residue was distilled (9 8 -1 0 2 °C at 0.2 Torr) to give 4.40 g of product (61% yield): see Tables I,  III, 
Reaction o f tri-n-propylsilane with bis(vinyldimethylsilyl) (trimethylsilyl)amine
The amine (2.27 g, 8.8 mmol) and 0.26 g (1.8 mmol) of di-terr-butyl peroxide dissolved in 5 ml of n-Pr3SiH were added during the course of 1 day cis/trans 2,2,4,5,5-Pentam ethyl-3-(tripropylsilylm ethyl)-2,5-disila-l-oxacyclopentane: 13C: -2 .4 2 , -1 .9 0 , -1 .8 4 , -0 . 3 3 , -0.05, 0.02, 0.33, 0.80 (1 -4 ) ; 7.47, 12.29 (8 ); 11.50, 14.09 (6 ); 15.89, 15.98 (9); 17.71 (10); 18.85 (11); 22.55, 23.58 (7); 26.82, 28.34 (5) 29Si: 1.9 (III); 24. 0 d, 25.5 d (I, II) 2. 0.06, 3.96 (9); 7.46 (10); 10.63 (8); 16.57 (5) ; 22.86 (7); 27.09 (6) 2,2',3,3',4.4'); 3.97, 4.08, 4.19 (9,9'); 6.60, 11.20 (8 '); 7.70 (10,10'); 11.13 (8); 11.83, 14.64 (6 '); 16.18 (5); 21.97, 22.86, 25.56, 27.28 (5 ',7 ') 13C: -5 .6 6 , -3 .7 2 , -3 .2 8 , -1 .8 9 , -1 .7 0 , -1 .6 5 , -1 .0 9 , -0 . 8 9 , -0 .7 4 (1,1',2,2',4,4', 5,5'); 7.73, 12.58 (9'); 11.74, 14.76 (7'); 12.38 (9); 15.49 (6); 15.96, 16.08 (10'); 16.18 (10) ; 17.67 (11, 11'); 18.79 (12,12'); 21.31, 22.32, 25.08, 26.62 (6 ',8 ') ; 22.83 (8) 1,2,2,6,6-Pentam ethyl-3-(triethylsilylm ethyl)-2,6-disila-l-azacyclohexane and cis/trans 1,2,2,4,5,5-hexam ethyl-3-(triethylsilylm ethyl)-2,5-disila-l-azacyclopentane: I3C: -5 .6 6 , -3 .6 9 , -3 .2 5 , -1 .8 6 , -1 .7 0 -1 .5 9 , -1 .0 5 , -0 .7 4 (1,1',2,2',4,4',5,5') 3.90, 4.04 (10'); 4.14 (10); 6.70, 11.35 (9 ') 7.63 (11, 11'); 11.23 (9); 11.82, 14.73 (7 ') 16.17 (6 ); 21.35, 22.22, 25.01, 26.64 (6 ',8 ') 22.74 (8) 19, 1.84, 2.16, 2.32, 3.15 (1,2,4,5); 3.63, 3.71 (3); 7.01, 12.20 (9); 11.38, 14 .59 (7); 16.10, 16.17 (10); 17.77 (11); 18.91 (12); 21.77, 23.33, 25.60, 27.62 (6, 8) 29Si: -0 .9 1 7 , 1.213 (IV ); 2.131, 3.280 (III); 14.616, 14.944, 16.084, 16.218 (1,11) to refluxing tri-/7-propylsilane (total amount used: Table I . 13C and 29Si NM R spectral data for the products are provided in Table V, mass spectral  data in Table IV . Elemental analyses are found in Table I . Analytical and spectroscopic samples were isolated by preparative GC (Gow-M ac Model 6 9 -3 5 0 gas chromatograph).
Details of the other experiments are given in

